Although monomeric Al species are often toxic in acidic soils, the effects of the aluminate ion (Al(OH) − 4 ) on roots grown in alkaline media are still unclear. Dilute, alkaline (pH 9.5) nutrient solutions were used to investigate the effects of Al(OH) − 4 on root growth of mungbean (Vigna radiata L.). Root growth was reduced by 13% after 3 d growth in solutions with an Al(OH) − 4 activity of 16 µM and no detectable polycationic Al (Al 13 ). This decrease in root growth was associated with the formation of lesions on the root tips (due to the rupturing of the epidermal and outer cortical cells) and a slight limitation to root hair growth (particularly on the lateral roots). When roots displaying these symptoms were transferred to fresh Al(OH) − 4 solutions for a further 12 h, no root tip lesions were observed and root hair growth on the lateral roots improved. The symptoms were similar to those induced by Al 13 at concentrations as low as 0.50 µM Al which are below the detection limit of the ferron method. Thus, Al(OH) − 4 is considered to be non-toxic, with the observed reduction in root growth in solutions containing Al(OH) − 4 due to the gradual formation of toxic Al 13 in the bulk nutrient solution resulting from the acidification of the alkaline nutrient solution by the plant roots.
Introduction
The toxicity of Al 3+ and other monomeric hydroxyAl species at low concentration in acidic conditions is well established (Blamey et al., 1983; Kinraide and Parker, 1989) . Studying soybean (Glycine max L.) in acidic conditions, Brady et al. (1993) found that root hair formation on both the primary and lateral roots was inhibited where the sum of activities of the cationic monomeric Al species (Al 3+ , Al(OH)
and Al(OH) + 2 ) ( a Almono ) was only 2 µM, with lateral root development also suppressed. Hect-Buchholz (1990) found that root hair formation in soybean was reduced at 2.5 µM a Almono and completely inhibited at 12 µM. 7+ 12 (Al 13 ), has been shown to be extremely toxic to root growth, with only 3 to 4 µM Al present as Al 13 required to fully inhibit wheat (Triticum aestivum L.) root elongation . Formed by the partial neutralisation of an Al solution, Al 13 complexes are thought to be metastable intermediates in the precipitation of solid phases (Bertsch and Parker, 1996) . However, it is unlikely that the Al 13 polycation would form in quantities that are biologically toxic in soil solutions and surface waters due to its high valency and the presence of sulfate and silicate .
The aluminate ion (Al(OH) − 4 ) forms at high pH and is of particular importance in Al-rich, high pH solutions such as leachate from fly ash and bauxite residue where, according to species calculations, it would constitute > 99% of the monomeric hydroxy-Al at pH > 7.9 (Kinraide, 1990) . Fly ash is the principal by-product of coal-fired power stations and is typically alkaline (pH 9-12) and high in Al (Aitken et al., 1984) . Bauxite residue, produced as a waste during the extraction of alumina from bauxite, is also alkaline (pH 11-12) and high in Al. Neutralisation by seawater and leaching with freshwater are used to lower the alkalinity and salinity of bauxite residue. Even following these processes, however, the bauxite residue solution remains alkaline (pH 9.5-10.0), containing 20-30 µM Al largely present as Al(OH) −
. The effect of Al(OH)
4 is yet to be determined conclusively, with Fuller and Richardson (1986) asserting its toxicity while Kinraide (1990) found Al(OH) − 4 to be non-toxic in simple medium containing only 50 µM Ca (CaCl 2 ), with growth of wheat and red clover (Trifolium pratense L.) reduced by the formation of Al 13 in the acidic root free space. The objective of the present work was to evaluate the toxicity of Al(OH)
to mungbean (Vigna radiata (L.) Wilczek) root growth in dilute nutrient solution at high pH. Nutrient solution composition was similar to that of a 'typical' soil solution, containing all plant-essential macronutrients (Ca, N, K, Mg, S and P) and some micronutrients (Mo and B). Roots were grown for up to 6 d, and the nutrient solutions were monitored to ensure growth was not limited by nutrient deficiencies in any treatment.
Materials and methods
Experiments were carried out in controlled glasshouse conditions, with high pressure sodium lamps supplementing natural sunlight, providing 16 h of light per day. Temperature was maintained at 30 • C during the light period and 25 • C during the dark.
Aluminate toxicity
Twenty four polypropylene containers (22 L; 265 mm diameter by 400 mm deep) were arranged in a completely randomised design (CRD) with a total of six treatments (0, 5, 10, 15, 20 A solution culture system, as described by Kopittke and Menzies (2004) , was used to aerate the nutrient solutions with CO 2 -depleted air (to reduce solution acidification and nutrient precipitation) for 24 h prior to planting and throughout the experimental period of 6 d. After the initial 24 h aeration, each solution was adjusted to pH 9.5 with 0.1 M HCl and maintained at this pH by automated titration with 0.15 mM Ca(OH) 2 . Three seedlings with radicle lengths of 10 ± 1 mm were transferred to each container. The seedlings were grown for a total of 6 d, with solutions replaced after 3 d of growth. Replacement solutions were also aerated for 24 h before addition.
Root length (to the nearest mm) was measured daily and any unusual growth characteristics noted. Nutrient solutions were sampled for analysis of Al 13 using the ferron kinetic spectrophotometric method (Parker and Bertsch, 1992b) upon solution mixing the day before the seedlings were transplanted on day 0 (day −1), before solution renewal (day 3), upon mixing of replacement solutions (day 2), and upon termination of the experiment (day 6). Species activities were determined using PhreeqcI 2.8 (Parkhurst, 2003) (Minteq database), using measured Al concentrations as determined by inductively coupled plasma atomic emission spectroscopy (ICPAES). The Al hydrolysis constants were changed to those of Nordstrom and May (1996) as follows:
.99 Electrical conductivity (EC) was measured daily and the pH electrode in each container calibrated upon solution renewal. Shoot elemental concentrations were determined upon termination of the experiment using ICPAES after acid digestion as described by Martinie and Schilt (1976) . Nutrient solution samples were taken for analysis on day 0, 3 and 6. Samples were filtered using a 0.22 µm filter (Millipore GSWP) and analysed by ICPAES.
Data were analysed as a CRD using a repeated measures analysis, GenStat 6 (GenStat, 2002) . Comparisons between means were made using Fisher's protected least significant difference (LSD) test. The variance ratios and LSDs for the time and interaction terms were adjusted for the degree of auto-correlation between times by the Greenhouse-Geisser epsilon (Greenhouse and Geisser, 1959) .
To allow examination of the roots for symptoms, an additional 12 containers were prepared as above, six with 0 µM Al, and six with 20 µM Al. After 3 d growth, one half of each treatment was harvested and the roots stained using 0.5% crystal violet and examined using light microscopy. The remaining plants were used to determine if, over time, the formation of Al 13 in the bulk nutrient solution at concentrations below the detection limit of the ferron method reduces root growth. The length of the zone of root hair development on the oldest lateral root measured in each of these plants which were then transferred to replacement solution. After a further 12 h growth, the roots were stained using 0.5% crystal violet and examined under a light microscope.
Polycationic toxicity
As Kinraide (1990) found root growth in solutions containing Al(OH) − 4 to be reduced by the formation of Al 13 in the acidic root free space, a further experiment was conducted to establish the toxicity symptoms of Al 13 at high pH. A polycationic Al stock solution containing 30 mM Al and 75 mM OH (OH/Al ratio (ñ) 2.50) was prepared as described by Bertsch et al. (1986) . Twenty containers were prepared, each with a basal nutrient composition (without Al) as described above, aerated for 24 h, adjusted to pH 9.5, and four mungbean seedlings transferred to each container. After 3 d growth the nutrient solutions were replaced. Using CO 2 -free DI water, the polycationic Al stock solution was diluted to 4 mM Al, and appropriate quantities added to a final solution Al concentration of 0.00, 0.10, 0.25, 0.50, 1.00, 2.50, 5.00, 10.0, 15.0 and 20.0 µM, each treatment with two replicates. After a further 12 h growth, the roots were stained using 0.5% crystal violet and examined under a light microscope. As the Al concentrations of the lower polycationic treatments were below that which can be measured using the ferron method, solution samples were taken only from the 10, 15, and 20 µM treatments for analysis. 
Results

Aluminate toxicity
Root length increased markedly over the 6 d experimental period indicating good growth conditions in the nutrient solution at pH 9.5 (Figure 1) . However, the pattern of response was not the same for each of the Al concentrations (significant interaction between Al and time, P < 0.001). Root length in the 10, 15, 20 and 25 µM Al solutions was significantly shorter than that in the control and 5 µM solutions after 6 d of growth (LSD (5%) = 16.8). This effect was evident from day 4, suggesting the possibility of Al(OH) − 4 toxicity at higher Al concentrations in solution. Aluminate was the dominant monomeric Al form present in the nutrient solution at pH 9.5, accounting for 99.95% of the total monomeric species.
After 3 d growth normal root development was visible in solutions at pH 9.5 without added Al, the root apex (Figure 2A ), root branching and root hair development ( Figure 2B ) being healthy. In contrast, lateral lesions were evident on the root tips of plants in the 20 µM Al treatment ( Figure 2C ). Root hair formation (particularly on the lateral roots) in the 20 µM treatment ( Figure 2D ) was slightly inhibited in comparison with the control ( Figure 2B ).
Besides the high root elongation rate of 40 mm d −1 and good root development (Figure 2A , B) in control solutions, healthy plant growth at pH 9.5 was evident in the nutrient status of the plant shoots. Concentra- (Bell et al., 1990) b (Gaind and Gaur, 1991; Rashid and Bughio, 1994) c (Marschner, 1995) d (Smith et al., 1984) e (Gupta and Mittal, 1981) tions of all measured nutrients in the shoots, other than Fe, were greater than the corresponding critical concentration for deficiency (Table 1) . Although Fe concentrations were low, there were no treatment differences in Fe concentration, and no deficiency symptoms were observed throughout the experiment. The concentration of Ca decreased with increasing solution Al concentration (Table 1) , but again no foliar symptoms of Ca deficiency were observed. Nutrient solution EC tended to increase over time, with the greatest average increase being in the 25 µM Al treatment in which there was a 4.8% increase over the initial 3 d (138.8 to 145.8 µS cm −1 ) and 3.2% over the final 3 d (137.9 to 142.4 µS cm −1 ). Solution concentrations of all plant available nutrients remained constant throughout the trial period (data not shown), except for Ca which increased by approximately 6%.
Ferron analysis of the nutrient solutions indicated that during the first 3 d of growth (days −1 to 3) Al(OH) − 4 was the dominant Al form in all treatments, accounting for approximately 80% of the total Al (Figure 3) . The formation of solid phase or unreactive Al from the solution Al accounted for the other 20% ( Figure 3) ; this Al did not react with ferron but was measured using ICPAES. During this period, Al 13 was found only in the highest Al treatment (25 µM), with no detectable Al 13 in any other treatment. Between day 3, when the nutrient solution was changed, and day 6 the concentrations of Al(OH) − 4 fell and approximately two-thirds of the added Al formed solid phase or unreactive Al by day 6 (Figure 3 ). On day 6 measurable amounts of Al 13 were present in solutions with 10-25 µM added Al and accounted for the remaining Al in these treatments.
An initial assessment of the data on root growth and solution Al composition suggests that root growth during the first 3 d of growth may have been reduced due to the presence of Al(OH) − 4 . No measurable quantities of Al 13 were present during this period except in the 25 µM Al treatment. Excluding these data, root length on day 3 was slightly but not significantly (P < 0.001, LSD (5%) = 16.8) decreased by 7% at an Al(OH) − 4 activity of 7 µM, 10% at 12 µM, and 13% at 16 µM.
Although growth in the 20 µM Al treatment for 3 d resulted in the formation of lesions on the root tip ( Figure 2C ), these lesions were not present when the plants were grown for a further 12 h in fresh solutions containing 20 µM Al(OH) − 4 ( Figure 4) . New root hair growth on the lateral roots also improved after transfer to fresh solutions. The distinct improvement in root hair growth suggests that this occurred at, or shortly after, the time of transfer.
Polycationic Al toxicity
Though Parker et al. (1989) found Al 13 to severely inhibit root elongation, few of the other effects of this polycation on root growth have been published. In the present study, lesions occurring through rupturing of the epidermal and outer cortical cells were observed on the root tips after 12 h at 1 µM Al 13 ( Figure 5 ). In these treatments, both primary and lateral root tips were bent and root hair growth on the lateral roots was also reduced. Some lesions were also evident in many of the root tips at 0.50 µM Al 13 , but these lesions were not as severe as those at higher Al 13 concentrations. No symptoms of Al 13 toxicity were observed in the control, 0.10, or 0.25 µM treatments.
In the 10, 15 and 20 µM treatments, Al 13 was found to account for 60-80% of the total Al in solution immediately after mixing (69% in 10 µM, 58% in 15 µM, and 77% in 20 µM), but this had decreased to 10-30% after 12 h growth (15% in 10 µM, 13% in 15 µM, and 31% in 20 µM). This reduction in Al 13 concentration over time was due to the formation of non-reactive Al which accounted for approximately 65% of the total Al after 12 h. Monomeric Al typically accounted for 10-30% of the total Al in solution. These observed concentrations are similar to those expected (Parker and Bertsch, 1992a) .
Discussion
Mungbean root elongation was reduced in solutions with > 10 µM Al(OH) − 4 (Figure 1 ), a finding in keeping with that of Fuller and Richardson (1986) with desert saltgrass (Distichlis spicata) and Kinraide (1990) with wheat and red clover. Indeed, after 6 d growth, root length was reduced by 23% in 25 µM Al solutions where approximately 80% of the Al was present as Al(OH) − 4 . Fuller and Richardson (1986) reported that the addition of Al(OH) − 4 reduced shoot weight by 67 to 77%. In that study, however, solution nutrient levels were high and control of solution composition was poor, with the addition of Al resulting in the loss of P and Mg from solution. Solution Al concentration was also high (1 mM) and, although not measured, conditions were likely to have resulted in the formation of Al 13 . In contrast, Kinraide (1990) conducted studies at low nutrient concentrations and with low Al in solution, concluding that the reduced root length of wheat and red clover in solutions containing Al(OH) − 4 was due to the formation of Al 13 (or another Al species) in the acidic root free space. The results of Kinraide (1990) cannot be interpreted unambiguously however, since a low concentration of Ca (50 µM) was the only plant nutrient supplied and was not monitored during the experimental period. Further, PhreeqcI modelling (assuming an aeration rate of 10 mL s −1 ) shows the failure to remove CO 2 from the aeration stream and the use of bicarbonate as a buffer most likely resulted in the precipitation of CaCO 3 from solution (approximately pH 8.0 to 8.8). The presence of both bicarbonate (up to 10 mM) and Li (25 µM) at possibly toxic concentrations may have limited plant growth also. In contrast with these previous studies, mungbean growth was not limited by nutrient deficiencies in any treatment of this study (Table 1) . While shoot Fe concentrations were below the critical concentration for deficiency, no symptoms of Fe deficiency were observed (Smith et al., 1983) and there was a similar concentration of Fe in plant shoots of all treatments (Table 1) . Although the Ca concentration decreased with increasing solution Al, no foliar symptoms of Ca deficiency were observed indicating that Ca was not limiting in any treatment.
Although mungbean root growth in Al(OH) − 4 solutions was reduced (Figure 1) , we consider that this was not due to Al(OH) − 4 , but rather to the toxicity of Al 13 formed between days 3 and 6 (Figure 3 ). Average Al 13 concentrations on day 6 were 2-10 µM in the 10 µM and 25 µM treatments. The assessment of Al 13 toxicity showed that 0.5 µM Al as Al 13 induced toxicity symptoms under the high pH conditions used. These symptoms were the same as those observed in Al(OH) − 4 solutions (Figures 2 and 5) . Al 13 has previously been found to be highly toxic to root growth in acidic conditions, with only 3 to 4 µM of Al present as Al 13 required to fully inhibit wheat root growth . It is noteworthy that although SO 2− 4 limits Al 13 formation , Al 13 was detected in solutions containing 415 µM SO 2− 4 . This may have been due to the present study being conducted at pH 9.5 (that of Kerven et al. (1995) was at acid pH) or the comparatively low acid inputs by roots which allowed the formation of some Al 13 .
While Al 13 formed between days 3 to 6, during the first 3 d it was detected only in the 25 µM treatment (Figure 3) . The gradual formation of Al 13 in the bulk solution is attributed to the acidification of the solution by the plant roots (rather than the corres- ponding Ca(OH) 2 titrant addition) and the production of metastable intermediates in the precipitation of solid phases (Bertsch and Parker, 1996) . The higher growth rate (and hence rate of solution acidification) of plants between days 3 to 6 resulted in the formation of detectable quantities of Al 13 during this time (Figure 3 ). Excluding data from the 25 µM Al treatment, root length during the first 3 d growth tended to decrease (although not significantly) with increasing Al(OH) (Figure 2 ) on the root tips due to the rupturing of the epidermal and outer cortical cells (Ryan et al., 1993; Yamamoto et al., 2001 ).
While no Al 13 was detected in solution during these first 3 d of growth, it was considered that the observed growth reduction was due to the formation of Al 13 either (i) in the bulk nutrient solution at concentrations below the detection limit of the ferron method, or (ii) in the acidic root free space as suggested by Kinraide (1990) .
To test these hypotheses, plants were grown in Al(OH) − 4 solutions for 3 d before solutions were renewed for a further 12 h growth. After 12 h in fresh solutions, no lesions were observed on the root tips of the 20 µM treatment and root hair growth on the lateral roots improved (Figure 4) . The change in root hair growth was not a transfer effect, since there were no visible differences in root hair growth on the lateral roots of the control treatment (Figure 4) . These results indicate that Al(OH) − 4 is non-toxic, with the observed growth reduction before solution renewal due to the formation of a toxic species in the bulk nutrient solution.
The toxicity symptoms present on roots after 3 d growth in Al(OH) − 4 solutions were also found to be consistent with those observed after 12 h growth in Al 13 solutions. For plants growing in Al 13 solutions, slight lesions were found to form on the root tips in the 0.50 µM treatment. Actual concentrations of Al present as Al 13 in the 0.50 µM treatment over the duration of the 12 h growth period were estimated to be approximately 0.35-0.10 µM, as calculated from the species distributions measured using ferron in the 10, 15 and 20 µM treatments. In the 1 µM (approximately 0.70-0.20 µM Al as Al 13 ) and higher treatments, more distinct lesions and epidermal cracking were observed with root hair growth on the lateral roots also inhibited ( Figure 5 ). The ferron method is reported to be accurate to a total Al concentration of approximately 5 to 10 µM or greater (Parker and Bertsch, 1992b; Parker et al., 1988) , with the detectable Al 13 concentration dependent upon the background noise component of the spectrophotometer , estimated in this study as 1 to 2 µM of Al as Al 13 . The results of this experiment demonstrate that Al 13 causes damage to plant roots at concentrations which are below the detection limit of the ferron method.
The Al 13 toxicity symptoms reported in this study were similar to those described for wheat and soybean by Comin et al. (1999) , who found Al 13 to decrease both root elongation and lateral root formation, and caused a bending of the root tip. These symptoms were attributed to Al(OH) − 4 toxicity by Eleftheriou et al. (1993) , but in that study the Al 13 concentration was not measured.
As growth in Al(OH) − 4 solutions at high pH was reduced due to the gradual formation of Al 13 , it could be argued that growth in alkaline soils would also be reduced by Al 13 . However, as Al 13 formation occurred in the bulk solution rather than the root free space, it would be expected that this species would be lost from solution by sorption onto the soil exchange due to its high valency of 7+ or less at high pH as suggested by Furrer et al. (1992) . It is therefore unlikely that the high Al soil solution concentration in alkaline soils would be rhizotoxic unless Al 13 formed in the root free space as suggested by Kinraide (1990) .
Although all treatments in this study (other than the control) were oversaturated with respect to gibbsite (assuming K s = {Al 3+ }/{H + } 3 = 10 8.1 , Al(OH) 3 + 3H + Al 3+ + 3H 2 O (May et al., 1979) ), Al 13 formed upon initial mixing (day −1) only in the 25 µM treatment (Figure 3 ). While Kinraide (1990) found Al(OH) − 4 solutions to be stable when {Al 3+ }/{H + } 3 < 10 10 , the formation of Al 13 in the 25 µM treatment occurred when {Al 3+ }/{H + } 3 = 10 8.87 (assuming a monomeric Al concentration of 25 µM before polycationic aggregation). The lower stability of monomeric Al observed in this study is possibly due to the growth of roots at pH 9.5 or the more complex nature of the nutrient solution used compared with that of Kinraide (1990) .
In conclusion, the data suggest that at the concentrations studied, Al(OH) − 4 is non-toxic, and the formation of toxic Al 13 occurs in the bulk nutrient solution at low Al concentrations (< 25 µM Al) at pH 9.5. The limitation to root hair growth on lateral roots and the formation of lesions on root tips were consistent with toxicity symptoms observed when roots were grown at ≥ 0.50 µM Al 13 . Further evidence for the non-toxic nature of Al(OH) − 4 is provided by the observation that, when grown in Al(OH) − 4 solutions for 3 d and transferred to fresh solutions for 12 h, no lesions were present on the root tip and root hair growth on the lateral roots also improved. This improvement in growth when plants were transferred to fresh Al(OH) − 4 solutions also indicates that the formation of Al 13 occurred in the bulk nutrient solution rather than in the acidic root free space. It is unlikely that plant root growth would be limited by Al in alkaline soils due to the nontoxic nature of Al(OH) − 4 , and the rapid movement of Al 13 from the soil solution onto the soil exchange.
